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Arabidopsis thalianaMost chloroplast resident proteins are equipped with N-terminal transit peptides to ensure target-
ing from the cytosol to the organelle. Import rates can be modulated by phosphorylation and 14-3-3
binding within the transit peptides. Using the phosphorylatable preprotein pHCF136, a photosystem
II assembly factor, we investigated the function of preprotein phosphorylation in vivo by
complementing the seedling lethal hcf136 mutant. HCF136 constructs containing mutations within
the 14-3-3 binding site were generated, either abolishing or mimicking phosphorylation.
Interestingly, phosphomimicking reduced the import rate and the hcf136 phenotype could only
be partially rescued, as shown by hampered photosystem II complex accumulation, which was most
prominently observed in cotyledons.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Due to the endosymbiotic origin of chloroplasts, thylakoid
membrane complexes are built up of a mosaic of nuclear as well
as plastid encoded subunits. To facilitate the formation of the
higher molecular weight photosynthetic complexes a vast number
of auxiliary proteins are required, most of them being encoded in
the nucleus. High chlorophyll fluorescence (HCF) 136 is a
chaperone-like photosystem II (PSII) assembly factor; conserved
from higher plants to cyanobacteria. It associates with an early
PSII pre-complex and thus promotes formation of the PSII reaction
center [1–3]. In the absence of HCF136 Arabidopsis plants are
seedling lethal and lack PSII entirely. Under standard illuminationPSI also appears to be reduced, however the speciﬁc effect on PSII
becomes more evident under lower light [3]. In vivo radiolabeling
studies followed by native gel analyses as well as afﬁnity chro-
matography established the role of HCF136 in early PSII biogenesis
[3]. As HCF136 is encoded in the nucleus, it is equipped with an N-
terminal chloroplast targeting sequence. Inside the chloroplast
HCF136 is further translocated across the thylakoid lumen via
the Tat-pathway and it was found to be predominantly located at
the periphery of stroma thylakoids, the site of PSII biogenesis [3,4].
Targeting of chloroplast preproteins can involve phosphoryla-
tion of transit peptides by the cytosolic STY kinase family (STY8,
STY17 and STY46) [5,6]. pHCF136 has been shown to be a substrate
of all three STY kinases [6]. Phosphorylation of transit peptides can
occur within 14-3-3 binding motifs and the subsequent association
of 14-3-3 proteins was shown to enhance import rates [7] by form-
ing a guidance complex together with heat shock protein (HSP) 70,
which may enhance the afﬁnity to the translocon at the outer
envelope membrane [7]. Moreover, in vitro and in vivo import
experiments using the small subunit of the ribulose-1,5-bisphos-
phate carboxylase/oxygenase (SSU) have suggested that dephos-
phorylation of the preprotein is required for efﬁcient
translocation [8,9].
To investigate the in vivo effect of preprotein phosphorylation
and 14-3-3 binding we mutated the 14-3-3 binding site in the
1302 C. Nickel et al. / FEBS Letters 589 (2015) 1301–1307HCF136 transit peptide and complemented Arabidopsis hcf136
mutants. It could be shown that phosphomimicking within the
transit peptide reduced import rates and therefore resulted only
in a partial rescue of the hcf136 mutant.
2. Materials and methods
2.1. Plant materials and growth conditions
Arabidopsis thaliana wild-type (WT) (Wassilewskya ecotype)
and the generated mutants were grown on soil under greenhouse
conditions. For the generation of complemented hcf136 mutants
the WT HCF136 cDNA as well as the mutated cDNAs (HCF136 33-
38A and HCF136 S35-37D) were cloned into the binary vector
pB7FWG2 (Plant Systems Biology) with a stop codon at the 50
end using the Gateway system (Life Technologies). The constructs
were introduced into Agrobacterium tumefaciens strain GV3101 and
heterozygous hcf136 plants were transformed by ﬂoral dip [10].
The T2 progeny was screened for homozygous hcf136 mutants
using the following primer combinations hcf136 f: 50-CGA GTT
TCT GGG TTC TTT TGC-30, hcf136 r: 50-GAC TGC GTA TAG GTT
AGC TGC-30, LB: 50-CGT GAC TCC CTT AAT TCT CCG-30 and several
independent transformants were obtained for each construct.
2.2. Analysis of protein extracts by denaturing and native PAGE
Arabidopsis leaves or cotyledons were harvested from 18 to
21 day old plants and homogenized in homogenization buffer
(50 mM Tris–HCl, pH 8, 10 mM EDTA, 2 mM EGTA, and 1 mM
dithiothreitol). Membrane proteins were separated by centrifuga-
tion (9300g, 10 min, 4 C). The membrane pellet was solubilized
in SDS sample buffer and proteins were separated on an SDS–poly-
acrylamide gel, transferred on a polyvinylidene diﬂuoride mem-
brane, incubated with the appropriate primary antibody, and
developed with enhanced chemiluminescence as described [11].
Antisera against HCF136 were a kind gift from Peter Westhoff
and D1, CF74, Cytochrome (Cyt) f and PsaF antisera were purchased
from Agrisera (Vännäs, Sweden). For Blue Native (BN)-PAGE thy-
lakoids were prepared from Arabidopsis leaves or cotyledons by
homogenization in isolation buffer (50 mM HEPES/KOH, pH 7.5,
330 mM sorbitol, 2 mM EDTA, 1 mM MgCl2, 5 mM ascorbat).
After ﬁltration and centrifugation (1000g, 4 C, 4 min) the pellet
was resuspended in 3 ml washing buffer (50 mM HEPES/KOH, pH
7.5, 5 mM sorbitol) and again centrifuged as above. The thylakoid
pellet was then resuspended in 1 ml TMK buffer (50 mM HEPES/
KOH, pH 7.5, 5 mM MgCl2, 100 mM sorbitol). Solubilization of thy-
lakoid membrane complexes and BN-PAGE was performed essen-
tially as described [12]. Thylakoid membranes equivalent to
30 lg of chlorophyll were solubilized with dodecyl-b-D-maltoside
(1% ﬁnal concentration) and separated on a 6–15% acrylamide
gradient. Lanes of the BN-PAGE were excised, denatured, and
separated in a second dimension SDS–PAGE. The gels were silver-
stained according to Blum [13].
2.3. Spectroscopic analysis
Chlorophyll a ﬂuorescence of WT and mutant leaves was mea-
sured using a pulse-modulated ﬂuorimeter (Imaging PAM Mini;
Walz) and the ratio Fv/Fm, which reﬂects the potential yield of
the photochemical reaction of was determined.
2.4. In vitro translation and co-immunoprecipitation
Templates for in vitro transcription were cloned into the pF3A
vector (Promega) and in vitro transcription was performed with
SP6 polymerase (Fermentas, St-Leon-Rot, Germany). In vitrotranslation in reticulocyte lysate or wheat germ lysate (Promega)
was performed according to manufacturer’s instructions.
For co-immunoprecipitation, anit-14-3-3 [14] was coupled to
protein A Sepharose CL-4B (GE Healthcare) and binding of wheat
germ translated, [35S]-labeled preprotein was performed for
30 min at 4 C. PBS buffer was used as a binding and washing
buffer. Proteins were eluted in SDS sample buffer and separated
by SDS–PAGE. Radioactively labeled proteins were detected by
autoradiography.
The 14-3-3-binding sites in HCF136 were analyzed using the
Eukaryotic Linear Motif server (http://elm.eu.org). Mutations of
the site were accomplished by site directed mutagenesis using
the following oligonucleotides: hcf136 33-38A f: 50-CAT CGC CTA
ATC CCT GCA GCC GCA GCT GCT GCT CCT C-30, hcf136 33-38A r:
50-AGG GAT TAG GCG ATG AGA AAT GCG TTG AGA G-30, hcf136
S35-37D f: 50-GGC TTT AGG GAT TAG GCG ATG AGA AAT GCG-30,
hcf136 S35-37D r: 50-CAT CGC CTA ATC CCT AAA GCC GAT GAT
GAT CCT CCT CCA TC-30 [15].
2.5. Import of preproteins into chloroplasts
Chloroplasts from Pisum sativumwere isolated as described pre-
viously [16]. A 100 ll import reaction contained chloroplasts
equivalent to 10 lg chlorophyll in import buffer (330 mM sorbitol,
50 mM HEPES/KOH pH 7.6, 3 mM MgSO4, 10 mM methionine,
10 mM cysteine, 20 mM K-gluconate, 10 mM NaHCO3, 2% BSA
(w/v) and 3 mM ATP) and up to 10% of [35S]-labeled preprotein.
The import reaction was performed for the indicated time
points. Chloroplasts were re-isolated by centrifugation through a
40% Percoll cushion and washed twice in wash medium (330 mM
sorbitol, 50 mM HEPES/KOH pH 7.6, 0.5 mM CaCl2). Imported
proteins were separated by SDS–PAGE and analyzed by
autoradiography.
2.6. Quantitative real time RT-PCR analysis
Total RNA was isolated from 21 day old plants using the RNeasy
Plant Mini Extraction kit (QIAGEN, Hilden, Germany). After diges-
tion of DNA with TURBO DNA-free kit (Life Technologies) ﬁrst-
strand cDNA was synthesized using M-MLV reverse transcriptase
(Promega). cDNA was diluted 20-fold in water and PCR was per-
formed in a LightCycler 96 (ROCHE) with LightCycler FastStart
Essential DNA Green Master kit (Roche). The following HCF136
speciﬁc primers were used: HCF136for 50-CTG CAA CTC TGC GAC
GGT TA-30, HCF136rev 50-TGT TCA TCA GCT CTC GCT GG-30. For
quantiﬁcation HCF136 expression levels were normalized to
OEP24 cDNA fragment ampliﬁed by OEP24.1fw 50-GGG ACT TTG
CGA TTT CT-30 and OPE24.1rev 50-CTT TTA CTA CTA ATT GGA CTC
ACT AAT A-30. Quantities of expression were calculated using
LightCycler 96 SW 1.1 (Roche).
3. Results and discussion
3.1. The HCF136 transit peptide binds to 14-3-3
One typical 14-3-3 motif following the pattern [RHK]
[STALV].[ST].[PESRDIFTQ] was predicted in the transit peptid of
HCF136 in position 33–38 (KASSSP) (Fig. 1A). To investigate the
14-3-3 binding experimentally, the predicted presequence of
HCF136 (amino acids 1–60) was fused to the mature sequence of
SSU (mSSU), which is neither phosphorylated nor binds to 14-3-3
[5,14] and cloned into the pF3A vector to allow in vitro transcrip-
tion. The pHCF136-mSSU fusion construct was translated in wheat
germ lysate, which serves as a model cytosol and thus contains
endogenous 14-3-3, and co-immunoprecipitated with 14-3-3
antisera crosslinked to protein A Sepharose. Uncoupled
Fig. 1. 14-3-3 binding of pHCF136. (A) Position and sequence of the HCF136 transit
peptide. The predicted 14-3-3 binding site is indicated. (B) Co-immunoprecipitation
of radiolabeled pHCF136 with 14-3-3 antisera. 3% of the input (= translation
product, TL) were loaded. Beads without coupled antisera were used as a negative
control. Binding to 14-3-3 was observed for all three constructs pHCF136-mSSU
WT, 33-38A and S35-37D.
Fig. 2. In vitro import of pHCF136 into isolated chloroplasts. Radiolabeled
pHCF136-mSSU WT, 33-38A and S35-37D was imported into pea chloroplasts for
the indicated time periods. 10% of the translation product (TL) were loaded. The
unprocessed preproteins (p) and the mature proteins (m) were detected.
Comparable import efﬁciency was observed for pHCF136-mSSU WT and 33-38A,
whereas almost no import could be detected for pHCF136-mSSU S35-37D.
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pHCF136-mSSU was found to speciﬁcally co-precipitate with 14-
3-3 (Fig. 1B). To investigate whether 14-3-3 binding was mediated
by phosphorylation of the predicted 14-3-3 binding site the three
serines within the motif were exchanged by non-phosphorylatable
alanine residues by site directed mutagenesis. However, 14-3-3
binding was still observed (data not shown) and therefore the
entire motif was replaced by alanine residues (pHCF136-mSSU
33-38A). Surprisingly, 14-3-3 binding was still not abolished by
the mutation, (Fig. 1B). A phosphomimicking mutation of the three
serines in the 14-3-3 binding motif to aspartic acid (pHCF136-
mSSU S35-37D) did also not interfere with the 14-3-3 binding
capability (Fig. 1B).
The 14-3-3 binding in pHCF136-mSSU 33-38A could be
explained by the fact that an alternative binding site is used.
Indeed, two amino acid regions (KPSVSP 14–19, PSPSP 39–43)
are found up- and downstream of the predicted motif, which are
similar to the [RHK][STALV].[ST].[PESRDIFTQ] motif, merely dis-
playing an alternative amino acid in the ﬁrst position. Likewise,
14-3-3 binding has also been observed previously in a slightly unu-
sual motif in the model protein pSSU [7].
3.2. Phosphomimicking in the HCF136 transit peptid reduces import
capacity in isolated chloroplasts in vitro
To analyze the impact on the import behavior, the two mutated
proteins, pHCF136-mSSU 33-38A and pHCF136-mSSU S35-37D, as
well as WT pHCF136-mSSU were translated in reticulocyte lysate
and imported in vitro into isolated pea chloroplasts for 5, 10 and
15 min. Both WT and pHCF136-mSSU 33-38A were efﬁciently
imported already after 5 min (Fig. 2), showing that a randommuta-
tion within the amino acids 33–38 does not affect the import com-
petence per se. Interestingly, the phosphomimicking mutant
pHCF136-mSSU S35-37D was not imported, even after 15 min
(Fig. 2, lower panel). A similar effect was observed previously,
importing a phosphomimicry mutant within the 14-3-3 binding
site of pSSU [9]. Moreover, it has been shown that addition of the
unspeciﬁc phosphatase inhibitor NaF prohibits import of phospho-
rylated preproteins and that import is hindered by introduction of
a thiophosphate group, which is dephosphorylated signiﬁcantly
slower [8]. Therefore, dephosphorylation of preproteins by an yetunidentiﬁed phosphatase is an obligatory prerequisite preceding
translocation and seems to be a common feature in chloroplast
preprotein import.
3.3. Complementation of hcf136 with pHCF136 S35-37D results in a
growth defect and pale cotyledons
To investigate the consequences of the impaired import by
phosphomimicking in vivo the hcf136 mutant was complemented
by expressing WT pHCF136, pHCF136 33-38A and pHCF136
S35-37D under control of the 35S promoter. Since homozygous
hcf136 mutants are not fertile, heterozygous hcf136 plants were
transformed with Agrobacteria carrying the three respective con-
structs. The progeny was screened for lines with a homozygous
T-DNA insertion in the HCF136 gene and several independent lines
were isolated for each construct. Homozygosity was conﬁrmed by
PCR (Fig. 3A). As expected WT pHCF136 was fully able to comple-
ment the hcf136 phenotype. The complementation with pHCF136
33-38A was likewise successful and the plants did not display
any visible phenotype (Fig. 3B), as expected due to the unchanged
in vitro import behavior and the unchanged association of 14-3-3.
Interestingly, viable mutants complemented with pHCF136
S35-37D were isolated. However, the plants were heterogeneous
in size as shown in Fig. 3B. In addition to their reduced size the
plants appeared to be generally slightly paler and strikingly the
cotyledons were especially chlorotic. Moreover, a variegated
phenotype was frequently observed in mature leaves. To exclude
that variegation was caused by insertion of the T-DNA at a random
position in the genome, two additional independent lines of hcf136
S35-37D (#8 and #22) were analyzed and showed the same phe-
notype (Supplemental Fig. 1A and B).
To monitor the levels of HCF136 protein immunoblot analyses
was performed with HCF136 speciﬁc antisera in all complemented
plant lines, distinguishing leaves and cotyledons as well as smaller
and larger species in case of the hcf136 S35-37D complementation
line. As expected comparable amounts of HCF136 were found in
leaves and cotyledons of WT and hcf136 WT (Fig. 3C). However,
the amount of HCF136 was reduced to below 50% of WT levels in
leaves of hcf136 S35-37D, albeit showing a slightly stronger reduc-
tion in the smaller plants. The most pronounced effect was
observed in the cotyledons, where HCF136 was hardly detectable.
Fig. 3. Complementation of the hcf136 mutant. (A) Complemented hcf136 mutant
plants homozygous for the T-DNA insertion in the hcf136 gene (hcf136 WT, hcf136
33-38A and hcf136 S35-37D) were identiﬁed by PCR. The three shown lines were
used for further analyses. Oligonucleotides amplifying a fragment of Om64 were
used as a control. (B) Phenotypes of 21 days old WT and mutant plants. Three
examples of hcf136 S35-37D are shown (small, bigger and variegated). Pale
cotyledons and variegated leaves are indicated with arrows. (C) Immunoblot
analyses of complemented hcf136 mutant plants. Leaves (L) and cotyledons (C) of
WT, hcf136 WT, hcf136 33-38A and hcf136 S35-37D (smaller and bigger plants as
shown in B) were probed with antisera against HCF136 and Cytf as loading control.
Loading of 100% corresponds to 10 lg protein. The same amount was loaded for the
mutants. (D) Quantiﬁcation of expression levels of HCF136 by quantitative real time
RT-PCR HCF136 expression levels were normalized to OEP24 (n = 3 ± S.D.).
Fig. 4. Photosynthetic performance is affected in complemented hcf136 mutants.
(A) The PSII yield was monitored using an Imaging PAM system. A reduction in the
PSII yield is visible in all three hcf136 S35-37D species, especially in the cotyledons
and in the variegated leaves. (B) Quantiﬁcation of PSII yield measurements as
shown in (A). L, leaves; C, cotyledons (n = 10 ± S.D.).
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to be slightly increased compared to WT. The Cytf subunit of the
cytochrome b6f complex was unchanged and used as loading
control.
The levels of HCF136 in leaves and cotyledons expectedly mir-
ror the visible phenotype. It seems that in vivo the import of
pHCF136 S35-37D is almost completely abolished in cotyledons,
whereas in mature leaves pHCF136 S35-37D can be imported to
some extent. This indicates that the regulation of protein import
by phosphorylation shows some tissue speciﬁcity. The occurrence
of differently sized hcf136 S35-37D mutant plants and variegated
leaves might indicate that a certain threshold level of mature
HCF136 is needed for normal chloroplast biogenesis. Due to
external or internal slightly varying conditions in the cell, import
may be further reduced in some areas of the leaf and thus lead
to the variegated phenotype containing chloroplasts lacking func-
tional PSII. Since no dephosphorylation prior to import is necessary
in the case of the HCF136 33-38A construct and the import
enhancing 14-3-3 is still bound, this preprotein is imported with
higher efﬁciency and therefore accumulate to higher levels in the
complemented plants.
Fig. 5. Assembly of photosynthetic complexes in complemented hcf136 mutants. (A) Thylakoids of WT, hcf136 WT, hcf136 33-38A and hcf136 S35-37D were isolated from
leaves (L) and cotyledons (C) of 21 day old plants and solubilized photosynthetic complexes were separated by BN-PAGE in the ﬁrst dimension. A reduction of PSII containing
complexes is visible in hcf136 S35-37D cotyledons. (B) Thylakoid membrane complexes (from A) were separated in a second dimension SDS–PAGE. hcf136 S35-37D
cotyledons are deﬁcient of supercomplexes and PSII dimer, monomer as well as the RC47 are reduced. A slight reduction is also observed in the photosystem (PS)I.
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Fig. 6. Accumulation of thylakoid membrane proteins in complemented hcf136
mutants. Membrane proteins of WT, hcf136WT, hcf136 33-38A and hcf136 S35-37D
were isolated from leaves (L) and cotyledons (C) and probed with antisera against
D1, CP47, Cytf and PsaF. PSII subunits D1 and CP47 were clearly reduced in hcf136
S35-37D cotyledons. Loading of 100% corresponds to 10 lg protein. The same
amount was loaded for the mutants.
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to reduced import of the preprotein and not correlated with gen-
eral lower expression levels of the protein, quantitative real time
PCR was performed (Fig. 3D). The analysis showed that neither
RNA levels of HCF136 WT, HCF136 33-38A and in HCF136 S35-
37D were reduced in comparison to WT. Much more, expression
levels of the HCF136 were even increased 20–30-fold in all three
transformants, due to usage of the 35S promoter and therefore
the reduced amounts of HCF136 protein is not caused by lower
mRNA expression.
3.4. Complementation of hcf136 with HCF136 S35-37D affects PSII
function and assembly
Chlorophyll a ﬂuorescence measurements were performed with
the complemented lines to investigate the impact of the reduced
HCF136 accumulation on the photosynthetic performance of PSII.
The maximum quantum PSII yield was found to be comparable
to WT in hcf136 WT and hcf136 36-38A at 0.78–0.8. A signiﬁcant
reduction was observed in hcf136 S35-37D complementation lines,
to a PSII yield of 0.7 in leaves and 0.48 in cotyledons of bigger
plants and even to 0.63 and 0.42 in leaves and cotyledons of smal-
ler plants. (Fig. 4A and B, Suppl. Fig. 1B).
To further investigate whether the reduction in PSII yield is due
to impaired accumulation of PSII subunits and inefﬁcient assembly
of PSII dimers and PSII-light harvesting complex II (LHCII) super-
complexes, BN-PAGE was performed with WT and complemented
mutant lines. Thylakoids fromWT and mutants were isolated from
leaves as well as from cotyledons. They were solubilized with 1%b-DM and separated in a ﬁrst native dimension as well as in a sec-
ond, denaturing dimension. Although PSII complexes were assem-
bled comparatively to WT in hcf136 WT, hcf136 33-38A and in
hcf136 S35-37D leaves, a clear reduction of PSII–LHCII supercom-
plexes, PSII dimer as well as PSII monomer and RC47 was observed
in the pale hcf136 S35-37D cotyledons as would be expected for a
partially complemented phenotype of hcf136. Moreover PSI is
slightly reduced, which is also in line with the hcf136 mutant phe-
notype in which a similar reduction was described (Fig. 5A and B).
Immunoblot analyses using antisera against D1 and CP47 fur-
ther demonstrate the speciﬁc reduction of PSII components in
hcf136 S35-37D, especially in cotyledons. Only a slight effect was
observed in the smaller hcf136 S35-37D plants, indicating that
approx. 50% of WT levels of HCF136 are sufﬁcient to accumulate
PSII core proteins to WT levels. However, since chlorophyll a mea-
surements still showed an considerable effect in all hcf136 S35-37D
plants, PSII does not seem to be entirely functional. The PSI subunit
PsaF accumulated to normal levels in hcf136 S33-37D leaves, but
was slightly diminished in hcf136 S33-37D cotyledons, which cor-
related with the observation that PSI is affected in the hcf136
mutant under normal light conditions [3]. As also shown in Fig. 3
the Cyt b6f complex is not affected as Cytf levels were comparable
to WT and therefore served as a loading control (Fig. 6).
This study presents a ﬁrst in vivo investigation of the potential
impact of chloroplast preprotein dephosphorylation. Whereas the
pHCF136 33-38A imported as WT and could rescue the hcf136
phenotype, a phosphomimicry mutation within the putative
14-3-3 binding site reduced import rates and could only partially
complement the hcf136 phenotype. Interestingly, almost no com-
plementation was achieved in the cotyledons with the pHCF136
S35-37D protein, suggesting that preprotein (de-)phosphorylation
plays a distinguished role in the early developmental stages and
may be used as a tissue speciﬁc tool to regulate preprotein import
efﬁciency.
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